Effect of Heat-treatment on the Structure and Properties of Iron Containing Silicon Carbide Fibers by 陆雪川
 学校编码：10384                  分类号      密级        





硕  士  学  位  论  文 
 
热处理对含铁碳化硅纤维结构和性能的影响 
Effect of Heat-treatment on the Structure and Properties of 
Iron Containing Silicon Carbide Fibers  
 
陆 雪 川 
 
指导教师姓名： 陈 立 富  教 授 
专  业  名  称： 材 料 加 工 工 程 
论文提交日期： 2 0 1 2 年 5 月 
论文答辩时间： 2 0 1 6 年 4 月 
学位授予日期： 2 0 1 6 年 6 月 
  
答辩委员会主席：           
评    阅    人：           


























































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的


































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 
















中文摘要................... ................................................................................. I 
英文摘要................... ............................................................................... II 
论文插图................... .............................................................................. IV 
论文表格................... .............................................................................. VI 
缩略语表................... ............................................................................. VII 
第一章 绪论................... ............................................................................ 1 
1.1吸波材料 .............................................................................................................. 1 
1.2 SiC吸波纤维应用背景 ....................................................................................... 2 
1.3 SiC吸波纤维制备方法 ....................................................................................... 5 
1.3.1物理掺杂法.................................................................................................... 6 




1.4 论文的研究内容 ................................................................................................. 9 
1.5 论文的特色及创新之处 ................................................................................... 10 
1.6论文的课题来源 ................................................................................................ 10 
第二章 实验.................... ......................................................................... 11 
2.1 实验材料及设备 ............................................................................................... 11 
2.1.1 实验原材料及试剂..................................................................................... 11 
2.1.2 实验设备及仪器......................................................................................... 11 
2.2 含铁碳化硅纤维的制备 ................................................................................... 12 
2.2.1聚碳硅烷的合成.......................................................................................... 12 
2.2.2 高铁含量的铁溶胶的合成......................................................................... 13 














2.2.4 熔融纺丝（Melt-Spining） ....................................................................... 13 
2.2.5 不熔化处理（Curing） ............................................................................. 14 
2.2.6 热解（Pyrolysis） ...................................................................................... 14 
2.2.7含铁碳化硅纤维的热处理.......................................................................... 14 
2.3 分析表征方法 ................................................................................................... 14 
2.3.1 力学性能测试............................................................................................. 14 
2.3.2 电阻率测试................................................................................................. 16 
2.3.3 拉曼光谱分析............................................................................................. 17 
2.3.4 X射线衍射分析 .......................................................................................... 17 
2.3.5元素分析...................................................................................................... 18 
2.3.6 微观形貌分析............................................................................................. 18 
第三章 含铁碳化硅纤维的制备 ............................................................. 20 
3.1 羰基铁的基本性质 ........................................................................................... 20 
3.2聚碳硅烷的基本性质 ........................................................................................ 20 
3.3含铁聚碳硅烷的合成 ........................................................................................ 22 
3.3.1 铁溶胶的合成............................................................................................. 22 
3.3.1 先驱体的合成............................................................................................. 23 
3.4 熔融纺丝 ........................................................................................................... 23 
3.5 不熔化处理 ....................................................................................................... 25 
3.6 热解 ................................................................................................................... 26 
3.7 含铁 SiC纤维的热处理 ................................................................................... 27 
3.8 本章小结 ........................................................................................................... 27 
第四章 热处理后的含铁 SiC纤维的研究 ............................................ 28 
4.1 纤维的 XRD分析 ............................................................................................ 28 
4.1.1 Fe含量对 SiC结晶度的影响..................................................................... 28 
4.1.2热处理温度和时间对 SiC结晶度的影响.................................................. 29 
4.1.2.1 Fe-0纤维 .................................................................................................. 29 
4.1.2.2 Fe-1纤维 .................................................................................................. 29 
4.1.2.3 Fe-2纤维 .................................................................................................. 29 
4.2 拉曼光谱（RMS）分析 .................................................................................. 36 















4.4力学性能测试 .................................................................................................... 58 
4.5氧含量分析 ........................................................................................................ 62 
4.6纤维的电阻率测试 ............................................................................................ 63 
4.7纤维微结构参数与电阻率的作用关系 ............................................................ 64 
4.8 本章小结 ........................................................................................................... 67 
第五章 总结与展望.......... ....................................................................... 68 
5.1 总结 ................................................................................................................... 68 
5.2 展望 ................................................................................................................... 69 
参考文献............................ ...................................................................... 70 














Table of Contents 
 
Table of Contents 
Abstract in Chinese ................................................................................... I 
Abstract in English ................................................................................. II 
List of Figures ......................................................................................... IV 
List of Tables ........................................................................................... VI 
List of Abbreviation .............................................................................. VII 
Chapter 1 Introduction ............................................................................. 1 
1.1Wave Absorption ................................................................................................. 1 
1.2 Background of Microwave Absorbing SiC Fibers ........................................... 2 
1.3 Methods for production of Microwave Absorbing SiC Fibers ....................... 5 
1.3.1 Physical Doping  ........................................................................................... 6 
1.3.2 Chemical Doping  ......................................................................................... 7 
1.3.3 Surface Modification  ................................................................................... 8 
1.3.4 High-temperature Processing  ....................................................................... 8 
1.3.5 Other Methods  ............................................................................................. 9 
1.5 Scope of the project ............................................................................................ 9 
1.6 Innovation of this dissertation ......................................................................... 10 
1.7 Fiancial support of the project ........................................................................ 10 
Chapter 2 Experimental.................... ..................................................... 11 
2.1 Materials and equipments ............................................................................... 11 
2.1.1 Raw materials and reagents ......................................................................... 11 
2.1.2 Equipments and apparatus ........................................................................... 11 
2.2 Preparation of Fe-containing SiC fibers......................................................... 12 
2.2.1 Preparation of polycarbosilane .................................................................... 12 
2.2.2 Preparation of iron-containing colloid ......................................................... 13 
2.2.3 Preparation of Fe-containing polycarbosilane ............................................. 13 
2.2.4 Melt-Spining ................................................................................................ 13 















2.2.6 Pyrolysis ....................................................................................................... 14 
2.2.7 Heat treatment for iron-containing silicon carbide fibers ............................ 14 
2.3 Analysis and characterization ......................................................................... 14 
2.3.1 Tensile strength ............................................................................................ 14 
2.3.2 Specific resistivity ........................................................................................ 16 
2.3.3 Raman spectroscopy (RMS) ........................................................................ 17 
2.3.4 X-ray Diffraction (XRD) ............................................................................. 17 
2.3.5 Elemental analysis ....................................................................................... 18 
2.3.6 Microstructure .............................................................................................. 18 
Chapter 3  Preparation and Heat treatment for iron-containing 
silicon carbide fibers ............................................................................... 20 
3.1 Properties of Iron pentacarbonyl .................................................................... 20 
3.2 Properties of polycarbosilane .......................................................................... 20 
3.3 Preparation of Fe-containing polycarbosilane ............................................... 22 
3.3.1 Preparation of Fe-containing colloid ........................................................... 22 
3.3.1 Preparation of precursor ............................................................................... 23 
3.4 Melt spinning .................................................................................................... 23 
3.5 Curing ................................................................................................................ 25 
3.6 Pyrolysis............................................................................................................. 26 
3.7 Heat treatment for iron-containing silicon carbide fibers ............................ 27 
3.8 Conclutions ........................................................................................................ 27 
Chapter 4 Performence testing and analysis of the heat treatmented 
Fe-SiC fibers ............................................................................................ 28 
4.1 XRD analysis of SiC fibers .............................................................................. 28 
4.1.1 Effect of iron content on the crystallinity of SiC ......................................... 28 
4.1.2 Effective temperature and time on the crystallinity of SiC .......................... 29 
4.1.2.1 Fe-0 fiber ................................................................................................... 29 
4.1.2.2 Fe-1 fiber ................................................................................................... 29 
4.1.2.3 Fe-2 fiber ................................................................................................... 29 













Table of Contents 
 
4.3 SEM analysis ..................................................................................................... 49 
4.4 Tensile strength testing ..................................................................................... 58 
4.5 Oxygen content analysis ................................................................................... 63 
4.6 Specific resistivity testing of fibers .................................................................. 63 
4.7 Relationship of the fiber microstructure parameters and resistivity .......... 64 
4.8 Conclutions ........................................................................................................ 67 
Chapter 5 Conclutions and outlook ...................................................... 68 
5.1 Conclutions ....................................................................................................... 68 
5.2 Outlook .............................................................................................................. 69 
References ................................................................................................ 70 
Published papers ..................................................................................... 78 


















铁 Fe(CO)5 为原料制得含铁高聚物，然后与高分子量聚碳硅烷（High-molecular 
weight polycarbosilane，HPCS）共混制备含铁聚碳硅烷先驱体（Fe-PCS），经熔
融纺丝、氧化交联、裂解最终得到含铁 SiC纤维。通过放大合成实验，制备了铁
含量（基于先驱体质量）分别为 0wt%、1wt%、2wt%的三种含铁 SiC 纤维，将
此三种纤维分别在 700 oC、900 oC、1100 oC下保温 10h、100h，研究热处理条件
对纤维的结构与性能的影响。 



































Low-molecular weight polycarbosilane (LPCS) was reacted with Iron 
pentacarbonyl [Fe(CO)5] to prepare iron-containing colloid, which was mixed with 
high-molecular weight polycarbosilane (HPCS) to give an iron-containing 
polycarbosilane (Fe-PCS) precusors. Synthesized by amplifying，the iron content was 
0wt%, 1wt% and 2wt% based on the polymer precusor. The precursors were 
melt-spun, air-cured and pyrolized to obtain iron-containing silicon carbide (Fe-SiC) 
fibers. After heat treatment at 700 oC, 900 oC, and 1100 oC for 10 and 100h, Fe-SiC 
fibers were studied the evolution of the structure and performance.  
The study indicated that the iron-containing colloid has a significant influence on 
the spinning temperature and spinning ability of the Fe-PCS precursor. When the iron 
content is 1wt%, spinning ability of precursor is good. By adjusting the synthesis 
condition, the precursor with 2wt% iron adding could also be melt-spun. With the 
increasing iron content, the crystallinity of SiC enhanced, and grain grew dramatically, 
which indicated that iron had a catalytic effect on the SiC crystallization. The 
effective heat treatment time and temperature was improved, and the preferred 
treatment condition was 1100oC/100h for Fe-0 fiber and 900oC/10h for Fe-1fiber, 
respectively. Therefore, the adjustment of specific resistivity could be achieved by 
verifying the heat treatment conditions. 
The tensile strength, as well as the Young’ modulus of fiber were enhanced by 
heat treatment at 700oC and 900oC, which was believed to be the complete 
organic-ceramic transformation during the post treatment. However, strength 
decreased after heat treatment at 1100oC, which was the result of the grain growth of 
SiC. And the highest tensile strength was obtained at heat treatment at 900oC. 
The Raman results indicated that the decomposition of amorphous SiCxOy  
phase was accelerated by the iron, which increased the disordered carbon content. 
However, iron promoted the graphitization of amorphous carbon at higher 
















competed each other with the various iron contents and heat treatment conditions, so 
the carbon structure in the fiber can be adjusted by these parameters. 
The micro structure of the iron-containing SiC fibers could be adjusted by post 
heat treatment, thereby the specific resistivity. Under the iron content and heat 
treatment condition studied hereby, approximately four orders of magnitude 
(6.75Ω·cm~3.8×104Ω·cm) can be achieved. The relationship analysis showed that the 
greatest impactor on the resistivity was oxygen content, followed by the iron content 
and SiC crystalanity, and the ordered graphitization carbon exhibited the minimal 
effect. The correlation coefficient was 0.71、-0.695、-0.675、-0.098, respectively. This 
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